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1. Introduction and Problem Statement

Innovations in wireless technoJol)' have eoabled the rapid Irowth of a larle range of
mobile communica1ions IelVices. AlthouJb cellular teJepilone service and the forthcoming
personal communications service have attmeted the widest attention, a broad ran,e of more
specialized services are also becanin, commercially viable. Automatic Vebicle Monitoring
(AVM) is one such service. AVM systems mipt typically offer the followin, services:
• Fleet Management Dispatch, lOutin" and position location of large fleets of vehicles

within a metropolitan area. This could include taxis, delivery vehicles and service
trucks.

• Vehicle Security. TnIC1cing and location of stolen vehicles. Enablin, and disabling of
vehicle security alarms. .

• Emergency Services. Notification and position location of roadside emergencies.
Routing ofservice vehicles to the emerpncy location.

• Messaging. Transmission of alphanumeric and voice messages to vehicles within a
metropoli tan area.

Several companies are in the process of developing and deployin, AVM systems. These
companies include:
• MobileVision of Indianapolis, IN
• North American Teletrac of Walnut Creak, CA
• Pinpoint Communications ofRichardson, TX
• Southwestern Bell Mobile Systems ofDallas, TX

Each of these AVM systems is designed to operate in the 902-928 MHz ISM band.
Although implementation details vary between systems, they share several common
technical features. Each employs a set of narrowband (25 to 50 kHz) channels for the
forward link from the base station to the mobile. This forward link carries control, status
and group and individual messa,ing infonnation. The reverse link from the mobile to the
base station employs a wideband direct-sequence' spread-spectrum (DS/SS) signal. The
characteristics of this DS/SS signal vary widely between systems. Southwestern Bell
claims their system requires a 2 MHz bandwidth, while MobiJeVision and Teletrac claim
their systems require 8 MHz bandwidth and Poinpoint has proposed a 26 MHz bandwidth
system. The majority of these systems allow multiple access alon, the reverse link using
Code Division Multiple Access (COMA) techniques, althou,h the Southwestern Bell
system uses a combination of COMA and Frequency Division Multiple Access (FDMA).
All systems employ triangulation on the DS/SSsip for position location.

The Federal Communications Commission (FCC) bas indicated its intention to create rules
which foster creative use of Specialized Mobile Radio (SMR) Service such as AVM. In
one recently proposed rule (NPRM 93-144). the FCC proposed the consolidation of
channel allocations for private land mobile radio stations in the 800 MHz band to
metropolitan service areas (MSA) or even larger areas. In another proposed rule (NPRM
93-61). the FCC proposed guidelines for AVM service within the 902-928 MHz ISM
bands.

While agreement among commenters can be found on many issues, spectrum sharing
remains a significant point of contention. System developers that currently have licenses to
commercially operate an AVM system have proclaimed that spectrum sharing is not
possible between AVM system providers. System developers who do not currently have
licenses have taken a more positive view towards spectrum sharing. In addition to
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interference between AVM systems. there exist COIlCeI115 over potential interference with
part 15 devices. also operating in the 902-928 MHz ISM band.

Several studies have IICIchISed portions of the iaterference problem. However, each of the
studies to date bas limitations. Each of the studies bas been carried out by consultants to
one of the AVM lelVice providers. with little or DO opportunity for participation from
competing service providers. Furthermore. each of the studies has. been primarily
theoretical in nature. As a result, the .tudies do not reflect many of the Important
characteristics of the mobile communications dwnnel at these frequency bands, such as
multipath ~pagation aDd impulsivenoise. Neither do these studies take into account the
characteristics of real-worfd communication systems, including nonlinearities and
intennodulation products. As a result, questions remain about the effects of interference
between systems.

The Mobile and Portable Radio Research Group (MPRO) at Virainia Tech has substantial
experience and expertise in modeling the propaaation characteristics of the mobile
communications channel. The MPRO also has expertise in the perfonnance evaluation of
communication systems and the development of interference rejection techniques. We
propose to undertake a study of the effects of interference on the perfonnance of AVM
systems. The purpose of this study will be to determine the feasibility of spectrum sharing
in AVM bands and to determil\e possible techniques to mitigate potential inteIference
problems. We believe chat this study will be useful to the FCC in formulating rules for
issuing AVM licenses.

It is the intention of the MPRG to satisfy two majorcriteria in carrying out this study:
• Independence. The MPRG's status as an iDdeFeadent lCIdemic organization with a

broad range of industrial support will allow for CODBiderable autonomy in carrying out
the study. Southwestern Bell has already committed to provide technical and financial
support of this study. Each of the other major AVM sen'ices providers will be invited
to participate both financially and technically. Results of the study will be review by
members ofRutger's WINLAB. a secondin~nt academic organization.

• Technical detail. The investigation will combine theoretical analysis with the study of
the real-world phenomena. MPRG has significant expertise in modeling the mobile
radio communications channel. The study will include the effects of multipath
propagation, Doppler characteristics aDd impulsive noise. The final conclusions wiJ)
reflect both practical and academic considerations.

The remainder of this proposal is organized into four sections. Section 2 provides a
detailed statement of work for the~ study. The ltudy is divided into four phases.
Phase I, will investipte the relationships betweell capacity and bandwidth requirements
for an AVM system. takina into account realistic channel conditions. This phase will
require approximately 9 months. Based on the outcome ofP!1ase 1, three additional phases
of work may be carried out. These additional phaes are also described. Section 3
enumerates the deliverables of this contract. The principal deliverable at the end of the
study wilJ be a report discussin$ the feasibility of spectrum sharing under real world
conditions. Section 4 wiJl provide a discussion of MPRG research capabilities and
expertise. Finally. Section 5 will discuss management of the proposed research.
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2. Statement of Work

We propose a four phase study to investi.ate the issues of spectrum sharing and
interference for AVM IyItems operating in the 902-928 MHz frequency ~ds. ~ha~e 1
will develop tradeoffs between system performance and bandWIdth. while taking Into
account realistic channel conditions. Phase 1 will require approximately nine months to
complete. and is described in detail below.

Based on the outcome of Phase 1. three additioaal phases of the project may be pursued.
Phase 2 would be to investipte alternative techniques for spectrum sharing between AVM
systems. Phase 3 would consist ofdetailed evlluation of the major proposed standards for
AVM operation. Phase 4 would include actual meuumnent of the interference resistance
of the majorAVM technologies. These three phMes would proceed in parallel and require
a total of ten months after completion of PIIue 1. At the present time. only Phase 1 is
being proposed. Brief descriptions of additional phases are included to indicate the
direction in which the research could proceed.

Phase 1· Performance Analysis of AVM Systems under Real­
World Conditions

Phase 1 will consist of a detailed performance analysis of AVM systems under real-world
conditions. The loal of this study will be to develop leneral relationships between
capacity. power and bandwidth requirements of AVM systems. We will determine how
these relationships are effected by realistic propagation. noise and interference
characteristics, and by practical limitations of communication systems. This information
will be useful to the FCC in determining policies on spectrum allocation for AVM systems.
We will carry out this work in several tasks.

Task A • Definition of Q BQsdine AVM S"tem

We will begin by defining a baseline AVM l)'ltem for analysis. Although each of the
candidate AVM technolo,ies contains some unique features, they share a broad range of
characteristics. Since there is leneral agreement that the narrowband channels for the
forward link should be allocated on an exclusive buis, and since the DS/SS sipals on the
reverse link have much hiaher spectral occupancy requirements. our analysis will focus
mainly on the reverse link. The goal will be to define a simple DS/SS system model which
reflects the important characteristics of the principal AVM technoloaies. and allows us to
investigate the effects of bandwidth. power. and spectral shaping on system performance.
The system will employ a COMA multiple access technique. This task will be completed
within one month.

Task B • Theor.ticQ' BQ,.line AnQ'y,;,

Our next task will be to carry out a baseline anaIyticalltUdy of the performance of a DS/SS
system. Using accepted analysis techniques. we will study the relationship between
capacity, range, power. noise and bandwidth for our baseline system model. The MPRO
has significant experience in the analysis of COMA systems. The goal of this task is to
develop a baseline performance standard for compmilOD with performance under realistic
conditions later in the study. This task will be completed within two months.

Task C· AnQlysis 01 RF Propa'Qtion Eflects

4
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=inninl with task C, we will consider the effects of real world (actors on the
onnance of AVM I)'ItCms. The RF propaptioo characteristics of interest include the

effects of multipath propaaation and Doppler. ODe principal benefit of spread-spectrum
systems is the ability to reject multipath interfmmce. As a result, one key question is what
choice of bandwidth is required to acllieve multipath rejection. Another important question
is the effect ofvehicle speed on system performance.

We will evaluate the performance ofour candidate nS/ss AVM system under propagation
characteristics which are typical of both urban and suburban mobile environments. We
will investilate vehicle speeds in ranBinl from 0 to 100 kmlhour.We will employ both
analytic and simulation techniques as appropriate.

The MPRO has substantial experience in propaption measurement and modelinl for the
mobile radio channel. The MPRO has cOnducted extensive measurement campaigns to
coHect data on the power delay profiles of such channels. Based on these measurement
campailns, the MPRO has developed the statistical channel model SMRCIM (Simulation
of Mobile Radio Channel Impulse Response) which is widely used.

The MPRO has also devel~ tools for the simulation of DS/SS system under realistic
channel conditions. The Bit Error Rate SIMulator (BERSIM) deVeloped by MPRO is
capable of importinl cbanDel models from SMRClM IIld simulatinl mobile communication
system perfonnance under realistic channel conditions. BERSIM has been extended to
include models of nSlss systems. The MPRO has also developed analytic models for
evaluatinl the performance ofOS/SS systems under realistic channel conditions.

Task C will be completed within six months.

Task D • El'lduation of Interference Eflects

In addition to the effects of RF channels, the performance of practical AVM systems will
be limited by the effects of interference. Many types of interference are possible, including
multiple access interference within a single AVM system, interference between multiple
AVMsystems, interference from impulse noise JOUrCeS, and interference between AVM
systems and part IS systems operating in the ISM band. We will consider each of these.

The MRPO has developed analytic and simulation tools to evaluate the perfonnance of
OSISS systems in multiple access interference. These allow for analysis of the effects of
imperfect power contra and for interference from other users operating in adjacent cells.
Note that while power control may be possible within a single ceJl system. it will not be
possible in leneral to eliminate the near/far problem for the trianlulation of the OS/SS
signal which must take place at three separate cell sites.

Interference from impulse noise sources is also a si.nificant problem. The MPRO has
undertaken a study of impulsive noise in the 902-928 MHz bands. We will use the results
of this study to evaluate the effects of impulsive noise on the AVM system.

..
Finally, we will evaluate the potential for interference between part IS users and AVM
systems. We will proceed by developing a simple model for a spread-spectrum part 15
device and evaluate the interference effects on both the part IS and the AVM systems for
!Jlulti~le cases of range and power levels. The effects on AVM system capacity will also be
Investigated.

This task will proceed in parallel with Task Cand will be completed within sixmonths.

5
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Task E • Li.it.tioll' 01 P,.ctical RF S,,,••,

We will analyze the effects ofJDdical implemeatation limitations within DS/SS systems.
Amonl the effects we will ccmsider are DORIi...-iti. within amplifiers, iDtermodulation
products lenerated within the receiver, Jimi1ations of spectral shapinl characteristics of
filters, and the ability d filters to reject adjacent dIanneJ interference. We win develop an
estimate of the effect of these limitations OIl the AVM system capacity. We will also
sUlgest basic design rules to address these limitations. Task E win be completed within
seven months.

Task F • D.,criptioll 01 C.ntlitlilt. Sp.ct,.",,,, Sharing r.chnifJu.s

We will develop a list of possible spectrum sharing techniques for AVM systems. These
techniques mipt include overlay ofAVM systems usinl COMA, adjacent cbannellocation
of AVM systems (possibly locating the main lobe of one system over a sidelobe of a
second system, spectra1 shaping. and advanced DSP techniques for inteJference rejection.
We will qualitatively describe the benefits aDd clisadvantales for each of the enumerated
techniques. Task F will be completed within aptmonths.

Task G • E.IIl"atioll DOC"••II",tiDlI 01 R.,,,lt,

The results of this study will be documented in • final report. The report will contain
results describinl the relationships between capacity, bandwidth, power, noise and
inteJference under ralistic conditions. The report will also describe the implications of
these results for future FCC guidelines, and will contain an assessment of areas requiring
further study. Finally, the report will describe possible techniques for minimiling
inteJference between AVM systems. All results will be evaluated by an independent
consultant Task 0 will be completed within nine months.

Phase 2· Spectrum Sharing Techniques for Multiple AVM
Systems

In Phase 2, we will investipte and compare spedlal sharinl techniques for multiple AVM
systems. We will belin with the spectra1 sharin. techniques described in Task F of Phase
1. In Phase 2, we will investilate these techniques quantitatively usin, the real-world
models constructed for Phase 1. PromisillJ spectra1.harinl techniques Include spectral
shaping for silnal located on adjacent channels and advanced DSP techniques for
interference rejection. Based on the results of our investilation. we will formulate
recommendations for spectrum sharing planning. Phase 2 will require approximately 10
months to complete.

Phase 3 • Evaluation of CaDdidate AVM Technologies

In Phase 3, we will examine each of the possible AVM technologies in detail. At a
minimum, this will include technologies employed by: MobileVision, North American
Teleuae, Pinpoint Communications, and Southweltern Bell Mobile Systems. We will
obtain documentation on each system and Carefully evaluate the merits of each systems.
Particular attention will be paid to the capacity, .peetnun requirements and inteJference
rejection capabilities ofeach system. We will prepare a report describing the compatibility
of each of the candidate technologies. Phase 3 will require approximately lQ months and
may proceed in parallel with Phase 2.

6



Phase 4· Measurement of Noise and Interference Rejection
Capabilities

Phase 4 of this project will evaluate candidate AVM technologies. We will acquire
working prototypes ofall AVM systems IUld subject them to field testing. We will design
tests to evaluate the Dei. raistaDce and in1lerfen:nce rejection capability of .m system.
AU major A VM service providers wilt be liven 1ft opportunity to participate. We will
conduct these tests joindy with each of the pII1icipating companies. Phase 4 will ~uire
approximately 12 months and may prooeed in parallel with Phases 2 and 3.

7
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3. Deliverables

The primary deliverable of this project will be a report describinB the relationships between
capacity. bandwidth. noise and inteJference for a practical AVM system based on DS/SS
technology. This report will be completed within nine months. The MPRO will carry out
the resemch independently ofany particular service provider. -

The final report will deacribe:
• The relationship between bandwidth. power. noise and capacity for a multiple cell

DS/SS system.
• The effect of multipath propaBation on AVM system performance for urban

environments and for different system bandwidths. .
• The effect ofDoppleron system perfonnance for vehicle speeds ranging from 0 to 100

Janlhour.
• The effect of co-channel and adjacent channel interference on A VM system

performance.
• The effect of impulse noise on AVM system performance.
• The interference between A VM and part 15 systems and the anticipated effect on

performance.
• The limitations of practical RF systems and the effect of these limitations on system

perfonnance.
• Possible techniques for spectrum sharinB between multiple AVM systems.
• Preliminary recommendations for FCC allocation of spectrum.

8
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4. MPRG Research Capabilities

The MPRG has ai.nific:ant research experli. in 1be areas of spread-spectrum systems,
mobile radio propIIaUonand interfereDCe Rjeeaon techniques. As a result, the MPRO
possesses a combinaeion offacilieies and experieDce which is uniquely suited to addressing
the problem ofspectrum sbarina within AVM systems. _

In this section we clelcribe the raearch capabilieies of the MPRG. First we describe the
aeneral research capabilities of the MPRG. Next, we describe the specific research
expertise in the MPRG which is applicable to the work desaibecl in this proposal. Finally,
we include briefbiopapJUes of the three principle invesciptan for this project

A. MPRG Research Facilities

Th. Brlldl., D.pllrt",.nt 01 EI.ctriclll E".ill.eri"6

The Mobile and Portable Radio Research Group (MPRO) il a part of The Bradley
DepartmentofElectrical m;neerinl, one of the....electrical enai!.2:Drindepu1ments
in the naeion, with 60 full-ame faculty mcmben, lIDd • brOId !'IDle of te JaeaI'Ch
and study programs. The Department produces approximately 2SO baC or's depees each
year, and IS consistently ranked in the~ 20 pIOJI'IIIls. Virainia Tech is one of the few
universities that offers courses in mobile and portable radio as a reaular part of the
curriculum. The Bradley Department of Electrical En.ineerina conducts about 130
Jesearch projects each year with an annual raearch budget of approximately ten million
dollars. The OepaJ1ment has approximately 550puate students in electrical eqineenna.

The Mobile lind Portable Radio Research Group

The MPRO was founded in 1990 to conduct research in emeraing wireless communication
technologies. The aroup has raearch, teachiD.1ftd service missions which are national in
scope, and is a 1eadina producer of professiODllI fc.1be wireless communication industry.
The aroup consists of three full-time faculty. tine support staff and approximately thirty
graduate students. MajorMPRG research thrusts include:
• Measurement and analysis ofpropagation cbaracteristics for wireless channels.
• Site-specific prediction ofpopagation cbaracteristics.
• Simulation and analysis of wireless communications systems using real-world channel

models.
• Development of lianal processing a1.oritluns for interference rejection, antenna

steering. error COITeCtion and fast synchronization.

Since its inception. the MPRO has conducted over $2.6 million in funded raearch. Core
funding is provided by the MPRO Industrial Affilia1eS FouDdation. a coalition of 14 major
corporations in the wireless field. MPRG lndus1rial Affiliates include: Apple Computer.
AT&T. Bell Communications Research (BelICore), BellSouth, BNR, Ericsson-GE Mobile
Communications. The Federal Bureau of Investipeion (FBI). Grayson Electronics, GTE.
Mel. Motorola, Rockwell. Southwestern Bell, Te1isys Teclmo1oJles Laboratory. and US
WesL The MPRO prepares quarterly research reports for its industrial affiliates members
and promotes aggressive technology transfer throuJh frequent visitation. Most industrial
affiliate members have hired one or more MPRG graduates.

The MPRG also conducts specific funded research for individual sponsors. Currently, 14
oraanizations sponsor funded research with the MPRG, including the Advanced Research
Projects Agency (ARPA). Within the last year. MPRG has received two prestilious
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awards from the National Science Foundation: a Presidential Faculty Fellowship, and a
R~h Initiation Award.

R.,earch F.cilitie,

The MPRG pos.aes outstaDdiD, facilitiea for comPUtinl, RF measurement. and DSP
algorithm development. The MPRG operates a network of 12 SUN SPARe 10
workstations with access to INTERNET and a Jarpr depu1mental network. The MPRG's
facilities for wireless propalatioD measurement are amon, the best available at any
academic facility. MPRG reaearchers have applied for three patents based on measurement
work. The cummt aeneration of propaption measurement equipment was constructed
entirely by MPRG researchers. The system employs a spread-spectrum slidina correlator
receiver for measurement d the channel power delay profile. The system features:
• 4 nanosecond time raolution. .
• Measurement frequacies rangin, from 100 MHz to 2S 0Hz.
• Disk storage of measured data for (urther aaalysis, and spectrum analyzer and

oscilloscopes for immediate frequency and time domain analysis ofmeasured data.

MPRG Software Tool,

MPRG researchers have access to tools (or teeJmical word processin, (Framemaker),
plouing (PVWAVE), IOI'tware development (C and C++), and sip processing (Xmath
and Matlab). In addition, MPRG researchen have developed several software packa,es
for wireless commUDieation research. These products are made available to the wireless
community throuJb Virainia Tech's intellectual properties division. Over 100 copies of
MPRO software are now in use in academic and industrial research labs inclUding
SIRCIM, SMRCIM, and BERSIM, described in Section III B.

MPRG Outrlach .n4 Teel".olo" Tranl/er

The MPRG works to a'JreSsively transfer kDowledge to industry, and develop new
products and services. All research results are c1l1e1Dinated to industrial affiliates throuah
quarterly mailinas ofresearch reports. In IdditiOll, tile MPRG newsletter The Propagator
reaches an audience of over 4000. The MPRG holds an annual research ~posium on
wireless and personal communications. The third and most recent. held an June 1993,
featured twenty one bilh quality research papers and was attended by over 1.50 wireless
professionals. The proceedings from this symposium will be published in book fonn by
KJuwer Academic Publishing.

B. Research In Mobile Spread-Spectrum Systems

In recent years, the MPRO has been an active amtributor of research in areas with direct
application to proposed AVM systems. This include: measurement, simulation and
prediction of the mobile communications channel; analysis and simulation of spread-
spectrum systems; and research into advanced techniques for interference rejection. .

Research in Rtulio Wave Propagation

Dr. Rappaport founded the MPRG in 1990 and has advised sixteen M.S. and Ph.D.
students in the areas of RF propagation, IDtenna desip, signal processiDI, and capacity
analysis. He and his lI"Iduatestudents have developed the first channel modelin, software
packages (SIRSIM, BERSIM, SMRSIM) for indoor and urban mobile communication
systems. He currently serves as PIon a DARPA project which is developina site specific
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RF prediction tools that incorporate terrain. buildina locations, and physical propaaation
paths. Such information is vital to the analysis, limulation, and design of AVM systems.
Sophisticated and realistic channel moclelina tools are beina created specifically for
allowing accurate usessments of the performance of adaptive mays [Sch92b, Sei93,
Tra93, H093]. His current raearch includes the development of novel anteama structures
and adaptive array algorithms that will demonstrate the accuracy of the simulation and
analysis tools. -

RII'lIrch in Direct·S't",nc, Spread·Sp,ctnlln

Dr. Woerner's research has focused on desian and evaluation of DS/SS systems for
wireless communications. His most important IICCOIIlplisbments have been in pioneerinl
the use of trellis-coded modulation techniques for spread-spec1nml communications, and
the development ofanalysis and simulation tools for the evaluation ofDS/SS systems.

Dr. Woerner has actively developed analysis and simulation techniques for the evaluation
of COMA systems in real-world environments. Traditionally, analysis of DS/SS systems
has relied heavily on apprmdmatinl all interference u Gaussian. This approximation may
not be valid at low bit error rates or in the cue d leVer near/far problems. Lehnert and
Pursley have developed techniques to accurately ualyze the effects of multiple access
interference and obtain tiaht performance bounds [Leh87, Leh89]. Dr. Woerner has
extended these results to systems with 10ft decision [Woe92b] and hard decision error
correction codes [Woe93c], systems with imperfect power control [Woe92a], and systems
with real world multipath channels and RAKE receivers [Cam93a, Cam93b].

Dr. Woerner has also worked on the development of simulation tools which model
complex DS/SS systems and channels. The MPRG has developed a Bit Error Rate
SIMulator (BERSIM) [Rap91, Tho92], which has been extended to model the IS-95
COMA cellular standard [Li93a, Li93b]. BERSIM has several advantageous
characteristics which include its modular construction that allows the addition of new
modules, use of a wide variety of channel impulse response models, and the ability to
record bit-by-bit error~, which allows for assessment of the effects of burst error
events on actual transnutted data .

RII'lIrch in lnt,r/,renc, R,j,ction

Dr. Reed's research has focused on the use of Idvanced DSP techniques for interference
rejection. Linear time dependent adaptive filters were first demonstrated by [Fer81] and
later shown by Dr. Reed and graduate students to be very eff=ve in reducing co-channel
interference for a variety of non-spread spectrum lianals [Ree9Oa,b, Ree88. Men88,
Men89, Men91, Ree87, Ree91, Ree92]. Reed in his Ph.D. dissertation introduced new
time-dependent adaptive filtering algorithms for interference rejection, including frequency
domain algorithms and blind time-domain llaorithms [Ree87]. He also showed the
theoretical performance oftime-dependent adaptive filters for specific test cases [Ree87,
Ree9Oa, Ree90b]. The first application eX time-dependent filtering for enhancing and
despreading spread spectrum for~ssance applications was proposed in [Ree89].

Several blind algorithms have been developed for time-clependentadaptive filters. The first
of these algorithms, the spectral correlation discriminator (SCD), uses a frequency-shifted
or conjugated version of the input signal as the 1rainina signal [Ree88]. This technique is
easily combined with other adaptive techniques to improve performance (Men89, Men91].
Personal experience has shown phase modulated signals corrupted ~y television
interference can be recovered using the SCD compounded with a CMA TDAF when the
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SIR is as low as -19 dB. This mixture of dme-dependent filtering operations, bqinning
with robust blind techniques and followed by less robust, but better performing blind
TDAFteehniques.

Most of the previous work in time-dependent filtering has focused on appl~e
techniques 10 reconMi_nre appIica1ions of JICIl-1)I*tIally efficient sipals. .aI
signals are, however, bi.hly spectrally efficient. For instance, the new IS-54 diaital
cellular sipal standard luis a roIl-ofT of 0.35. Experiments show that a time-dependent
filter placed at the outputofa differential democlWdor improves the performance of the IS­
54 differential demodulaaor by over thatofa CDII\atioalJaptive fflter [Ree91a]. Results
of the test cases usilll dme-dependent filterin.1IIow a BER reduced by a factor of six and
the MSE reduced by 9 dB over the time-i~dent filtering for signals distorted by
Rayleigh fading. When a co-channel interrenallipal is present, the time-dependent
filtering process reduces the BER by a factor of two IDd the MSE by more than 5 dB over
the time-independent filtered signal. In a similar test case, where interference was
included. the BER improved by a factor of 100 when the interfering signal overlapped the
signal-of-interest by 75% for a SIR of 6 dB.

C. Biographies of Principal Inveati,.tors

Th,odor, S. Rtlpptlport

Theodore S. Rappaport is an associate professor at Virginia Tech and the founder of the
Mobile and Portable Radio Raearch Group (MPRG). Under Dr. Rappaport's direction,
the MPRG was formed in 1990 and has JI'OWIl to iDCJude lIevenl facUltY'members, staff
members, and over 30 araduate students. The MPRG is guided by 15 affiliated companies
and government agencies which provide direction and funding to the lI'Oup. The .oaIs of
the MPRG are to develop future engineers and tecImoIogies for the wireless industry and
to transfer technololY 10affiliated companies and sponsors.

ProfessorRa~ conducts research in mobile l'Iidio communications system design and
RF propagatJon prediction through measuremeats and modeling. He has autbared or c0­
authored more than 70 technical~rs in the ... of mobile radio communications and
propagation. vehicular naYlaation, ionospheric propagation, and wideband
communications. He holds several patents for • wideband antenna and is co-inventor of
SIRCIM, an indoor radio channel simulator that .... been adopted by over 80 companies
and universities. In 1990, he received the Marconi Youn. Scientist Award for his
contributions in indoor radio communications and was named a National Science
Foundation Presidential Faculty Fellow in 1992. He i. a senior editor of the IEEE Journal
on Selected Areas in Communication and Fellow of the Radio Club of America. Dr.
Rappaport is a registered professional engineer in the state of Virginia.

Brian D. Wo,rn,r

Brian D. Woerner received his B.S. degree in computer and el~ca1 ensineerins from
Purdue University in 1986. and 'his M.S. and Ph.D. de,Tees from the University of
Michigan, in 1987 and 1991 respectively, where he wu a UBisys Fellow. Dr. Woerner
has also earned a Master's degree in Public Policy from the University ofMichipnwith an
emphasis on telecommunications policy. Since 1991, Dr. Woerner has worked as an
Assistant Professor with the Bradley Oepar1meatafPJectrica1 Ensincering at VirginiaTech
in Blacksburg. VA. He is an active member of the MPRG. He has received a Research
Initiation Award from the National Science Foundation and has been recognized for
outstanding teaching. His research interests lie in the field of wireless communications,
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particularly in the analysis of modulation, error correction and code division multiple
access techniques.

J,//r" H. R"d

Jeffrey H. Reed is a member of the MPRG at VifJinia Tech. His specialty is in applying
digital signal processin. to communication 1)'11eIIlI, and he bu a particular iDtirest in DSP
techniques for interfereDCe rejection. Dr. Reed Jeceived his BSEE in 1979, MSEE in
1980, and Ph.D. in '1987, all from the UDivenity of California. Davis. He Jeceived the
American Electronics Teaching Fellowship Award while completing his Ph.D. at the
University of California. Davis. From 1980 to 1986, he worked for Signal Science, a
small consulting firm specializing in DSP and communication systems. Durinl 1982 he
was stationed at the National security AaencY. After graduatinl with his Ph.D. degree,
Dr. Reed worked as a private consultant aDd as a part-time faculty member at the
University of California, Davis. In AUlust, 1992, Dr. Reed joined the faculty of the
Bradley DepartmentofFJectrical Engineerinl at VilJinia Tech.
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5. Management of Proposed Research

In this section we ctilCUlS the lIUlMIement of the propoeed research, includin. a timetable
and budget for Phase 1. The MPRO will be responsible for the conduct of the reset
described in this proposal, with Drs. Woerner, Rappaport, and Reed servin. as co­
principal investiptors. The MPRO will conduct the rBarch independently, ~t will offer
each of the major AVM service providers an opportunity to plJ'ticipate financially and
technically in the study. Results will be reviewed by an independent consultant from
another academic institution.

Timetable

Phase 1 of the proposed research will require Dine months. The project is proposed to run
from the period October 1, 1993 to June 30, 1994. The bud.et for the project reflects the
fact that the majority of the work will be performed durin. the time period of October 1,
1993 to May IS, 1994. A timetable for Phase 1 is provided below.

TASK Al 011til,
1 2 3 4 S 6 7 8 9

I ask A • Deflllitioll Of a Ba,elille AYM SJlte", •

lask B • Tlleoretical Ba"'llle Analy,lS •

Ta,k C - AnalysIS Of RF Propagation Elfect, • • • •

Iask D • E,aluatlon 01 Interference Elfects • • • •

Task E • Limitations 01 practl,cal RF Systems •

Task F • De,crJptlon 01 Candidate Spectr"m SIa"ring •
Teclaniqu"

I ask 6 • E,alu"tlon and Documentation Of R"ult, •

Preli",inary Budget

A preliminary budget for the proposal is included below. Dr. Woerner and Dr. Rappaport
will manage Phase 1 of the project. Dr. Reed will be available for consulting and will
par1icipate in later phases of the project. A portion of time for MPRO administrator Jenny
Frank and MPRO research associate Prab Koushik is included in the budget. The project
will employ two .raduate students to conduct the research under the direction of Dr.
Rappaport and Dr. Woerner. A senior JevellJ'lduate student will be employed as a
Graduate Project Assistantand an M.S. student will be employed as a Graduate Research
Assistant. Funds totalling $7500 are included for an independent consultant from
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WINLAB to evaluate the work done at the MPRG. Since the work will require the use of
computer resources for simulation and analysis, the project also includes $7SOO for the
acquisition eXadditional computerequipment This equipment will remain the property of
MPRG at the conclusion of the project The total cost of the project is approximately
$70,007.

Preliminary Budget

Faculty Dates Effort Cost
B. Woerner 10/1/93-5/15/94 10" AY 4.122
J.Reed 0
T. Ra I" 10/1/93-5/15/94 s"AY 2,513

!Staff
J. Frank 10/1/93-5/15/94 5" CY 555
P. Koushik 10/1193-5/15/94 5" CY 1,211
ringe Benefits 2.167

)tudents
1 GPA 10/1/93-5/15/14 100" 12,578
1 GRA 10/1/93-5/15/94 100" 9.075

Total Personnel Costs 32,221
~quipment 10/1/93-./30/94 7.500
ravel 10/1/93-1/30/94 1.000

...onsulting Subcontract 10/1/93- / 0/ 4 7.500
p otal Direct Costs 10/1/93- I 0/ 4 48.221
ndirect Costs 10/1/93- I 0/ 4 21.786
rotal Cost 10/1/93-6/301 4 $70,007
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